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Abstract

Introduction

Structural and optical properties of porous Si are
reviewed with the main emphasis on the radiative recombination mechanisms. Behaviors of the visible photoluminescence and another intense luminescence process
(the infrared luminescence) are discussed based on the
available data provided by photoluminescence and related techniques. It is demonstrated that a further insight
into the interrelation of these luminescence processes can
be obtained by the optically-detected magnetic resonance
method, in which non-radiative point defects (surface
dangling bonds) are used as a local structural probe for
the radiative states.
As for the model for the visible light emission, the
implication of the quantum confinement model (quantum
wire or dot model) is discussed together with its limitations. We also discuss the possible role of localiz.ed
states as the source of this visible photoluminescence.
Such states may be present near the surface regions of
small Si clusters to provide the radiative states. On the
other hand, the infrared luminescence is speculated to be
the carrier recombination in the perturbed crystalline Si
regions, having rather large dimensions compared to
those of the Si-microcrystallies.

The research activities on porous silicon (PS) was
initiated in 1950's [66] and some of the early efforts was
already focused on its optical properties [45]. However,
this material started to attract a widespread attention
since 1990 when Canham [8] observed an efficient photolu.minescence (PL) in the visible energy region at room
temperature. From the technological viewpoint, this
light emission process has opened a new possibility of
photonic and electronic integration of silicon-based devices with a simple anodization technique. Further study
has revealed that the emission wavelength can be, in
part, controllable by the process parameters during and/
or after anodization. The peak wavelength is now demonstrated to be adjustable in the approximate range
between 800 nm (red) and 500 nm (green).
The mechanism by which the material shows the
visible luminescence is rather controversial. The possibility of quantum confinement effect [8] in small size Si
clusters within the porous layers has become a hot issue.
In this connection, optical properties have been extensively studied in an attempt to answer whether or not
one can attribute this luminescence to such a confined
carrier system. Also, similarities to other Si-related
chemicals are explored, such as, poly-silane [49], siloxene [6], or a-Si(O):H [11, 71]. So far, the structural
complexity of PS, which contains crystalline rods or
dots, amorphous layers, and oxides, seems to be the
main source of difficulty in clarifying the electronic
states governing the luminescent properties.
In this paper, the structural and optical properties of
PS are reviewed with the main emphasis on the radiative
recombination mechanisms.
The implication of the
quantum confinement model (quantum dot model) is discussed together with its limitations. We also discuss the
possible role of localiz.ed states as the source of the visible luminescence.

Key Words: Porous silicon, photoluminescence, decay
characteristics, temperature dependence, defects, nonradiative centers, electron spin resonance, optically
detected magnetic resonance, recombination, semiconductors.

Structure of Porous Layers
Porous silicon was first discovered as a result of
chemical etching or electro-polishing. The material was
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generate substrate, 0.35 % for degenerate substrate [73]).
Such a dependence on the substrate conductivity has
been shown to correlate with the variation in the pore
structures. The width of diffraction peak is found to be
broader than the substrate signal so that the presence of
disorder has been suggested [73].
From transmission electron microscopy (TEM) observations, the main constituent is determined to be microcrystalline Si embedded in amorphous layer, probably
SiOx [38]. It is interesting that the orientation of these
microcrystallites is not lost even in an amorphous layer:
it is the same as in a substrate. Raman study also reveals that PS contains both microcrystallites and a-Si
[23, 42]. Further, by analyzing the peak shift and
broadening, average diameters of the crystallites have
been estimated, which tum out to be consistent with the
TEM results. The existence of a-Si has been also inferred from the X-ray photoelectron spectroscopy (XPS)
study by Vasquez et al. [67).
Infrared (IR) spectroscopy reveals information on
the surface chemical bonds by exciting their vibrations.
The surface of as-anodized PS bas been shown to be saturated by Si-H bonds [51]. These hydride-related signals are reduced after thermal anneal at 300 to 400 °C
when the visible luminescence intensity is also drastically reduced [63, 64]. At the same time, Si-O-Si vibration
signal becomes stronger suggesting the formation of oxide layer [63]. It is also reported that light irradiation
induces hydrogen desorption which degrades luminescence intensity [13]. Coincidence of luminescence degradation with the loss of Si-Rx bonds has lead some of
the researchers to suggest poly-silane as playing the
main role in the visible light emission [49). In the
model based on Si-microcrystallites, on the other hand,
hydrogen is regarded to be important in passivating the
surface dangling bond defects, which are presumed to
act as non-radiative centers. The degradation in luminescence intensity is then due to creation of such defects
as a consequence of hydrogen desorption.
A very recent X-ray absorption fine structure
(EXAFS) study [20] reports the non-existence of a siloxene-like compounds in PS, for which the nearest neighbor atom from Si is not oxygen hut Si. This EXAFS
study could deny the abundant coordination of O next to
Si. However, if the amount of oxygen is an order less
than the expected concentration of oxygen in siloxene,
they cannot be distinguished in EXAFS. Therefore,
oxygen concentration seems not enough to form siloxene
although Si-O bond is definitely present as revealed by
the IR absorption measurement.

first called "anode film" but later, it was called PS since
it is a Si film with a high porosity. PS contains a lot of
elongated pores with nanometer dimensions and the surface area normaliz.ed to the volume is huge (200 to 600
m2/cm 3) [3].
The most general way to prepare the PS film is to
anodize a Si wafer in HF-based solution at low current
density [54]. Ethanol is often added to the solution to
reduce the viscosity and remove hydrogen bubbles from
the porous region. For example, our sample, whose optical properties are described in the later sections, are
obtained by the following recipe. The starting wafer is
a p-type (100) Si (1-30 0cm) and Al-ohmic electrode
was formed on the backside prior to anodization. The
wafer was immersed into the solution (49%-HF:ethanol
= 5:3) with a facing Pt-cathode. Applied current density and anodization period are 20 m.A/cm2 and two
hours, respectively. Thickness of the porous layer is
clearly dependent on time for anodization and it can
extend to several hundred micrometers.
It is also possible to remove the PS layer from the
substrate by applying an increased current at the end of
anodization process. The films obtained this way are
usually called self-supporting PS or free-standing PS.
Such films are useful in performing the optical absorption study. The anodization process forms an array of
pores which run virtually normal to the substrate surface. The diameter can be controlled from a few nm to
a few µm by selecting the substrate resistivity and the
anodiz.ation conditions [2].
It is generally accepted that holes are required in the
initial etching step in order to release hydrogen from the
surface. This is why a light irradiation is necessary for
anodization of n-type substrates. The role of holes is to
make the surface Si-H bonds unstable, which are otherwise inert, against halide atoms and initiate dissolution
of surface Si atoms [54]. Once a surface dip is developed in this way, the surface electric field is modified and
more holes are driven to these points so that the morphological non-uniformity is amplified. In order to explain why the rods with small diameters are left as a result of anodization, instead of complete etching, Lehmann and Goesele [30] proposed a model based on the
quantum confinement effect. As the etching proceeds,
the remaining crystalline Si undergoes this effect and the
electronic energy is raised with respect to the bulk energy. Thus, the carriers are depleted from such small
rods so that the lateral pore formation is terminated.
Diffraction measurements using X-ray or electron
beam have revealed the presence of crystalline regions
within the PS layer [l, 62]. The X-ray diffraction
(XRD) reveals that the lattice parameter in PS is slightly
longer than that of the Si-substrate by an amount depending on the substrate conductivity (0.04 % for non-de-

Luminescent Properties
In this section, properties of the luminescence from
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PS are described. In addition to the features of the visible luminescence, which are first reviewed, properties of
another intense luminescence at a lower energy is also
given. Comparative discussion on these two radiative
recombination processes would be effective in elucidating the mechanism of the visible light emission from PS.
Information on the behavior of non-radiative defects,
which is studied by optically-detected magnetic resonance (ODMR), is also useful for this purpose since the
charge transfer to the defects reflects the nature of the
radiative states. Electroluminescence is also important
from technological aspect, therefore, a brief summary of
the recent achievements is given.

Emission spectra
The visible photoluminescence from PS has a broad
spectral shape which can be approximated by a Gaussian. The width of this band is typically in the range
0.3-0.4 eV. The peak wavelength varies depending on
the fabrication conditions (substrate conductivity type,
HF concentration, current density, and light irradiation
during anodization) and the post-anodization treatments
(dipping into chemical solutions, oxidation, light irradiation and annealing). The general tendency is that a PS
obtained from an n-type Si substrate tends to give a peak
at shorter wavelength than that from a p-type substrate
[27]. If a substrate is illuminated during the anodization, the peak wavelength also shifts to shorter wavelength: from 700 nm for reference p-PS to 600 nm for
illuminated p-PS [27].
The peak shift due to the subsequent treatments is
such that the surface etching (i.e., the size reduction) results in the blue shift of photoluminescence spectra and
this fact is often regarded as the supporting evidence for
the quantum size effect in PS, as will be discussed below. A more direct proof would be obtained by exciting
individual Si-clusters with different diameters using cathodoluminescence or related techniques. However, such
an approach so far has not been fruitful because the accelerated electron beam degrades the luminescence very
rapidly. Even in some successful cases, the spectrum
differs from what is obtained by photo-excitation (i.e.,
by PL), probably due to the difference in the excited
substances [46]. Alternatively, low energy electrons can
be injected from a scanning tunneling microscope (STM)
tip [ 17], but so far, information on the spectral correlation with morphology is not available.
Similarity in the optical properties have been reported for other Si-based materials such as Si-nanoparticle [60], siloxene or its derivatives [6], poly-silane
chain [49], and a-Si:H [42, 67] etc. Thus, these materials form a group of candidates for the light emitting
substance, alternative to the quantum-confined Si-microcrystallites.
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Figure 1. The upper curve is the photoluminescence
spectrum for the anodized PS measured at 4.2K, which
are corrected for the spectral response of the measurement system. The lower one was obtained by exciting
the unanodized crystalline substrate area. ,

-----------------------------------Radiative efficiency
The radiative efficiency of PS at room temperature
is reported to be as large as 3 % [68]. Although, an absolute value of quantum efficiency is sometimes difficult
to estimate accurately, this value is comparable to the
commercially available GaP light-emitting diodes. Indirect bandgap semiconductors, such as GaP and Si, typically have very low quantum efficiency because the momentum conservation upon electron-hole recombination
is difficult to be fulfilled. In GaP, efficient luminescence is a result of the introduction of iso-electronic impurities, which enhance the recombination rate by three
orders of magnitude as compared with a typical shallow
impurity. This is because that the Fourier component of
spatially localized wave function of the iso-electronic
trap ex,tends to the center of the Brillouin zone, at which
the valence band maximum is located. Therefore, a
similar effect should take place in the case of PS if Si
itself is a luminescent medium. In the quantum confinement model, an increase in the transition probability is
attributed to the modification of the band structure from
that of bulk Si, whereas, other class of models assume
the recombination to take place at some localized states.
Figure 1 shows a photoluminescence spectrum of
our PS sample measured at 4.2K [34]. The excitation
was provided by an ultraviolet (UV) line (351 nm) of a
Kr+ -laser. It shows two dominant emissions with comparable intensities; one in the visible ( - 1.75 eV) and
the other in the infrared ( - 1.1 eV) energy regions. In
spite of the similar emission energy of the IR-band to
the bandgap of bulk Si, its spectral shape is totally different from the luminescence observed from the unanodized portion of the wafer (lower trace of Figure 1),
which is governed by the neutral-boron-related exciton
emission. The relevance of this IR-band to the PS layer
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Figure 2. The photoluminescence intensities of the

104100

CHOPPING FREQUENCY (Hz)
Figw·e 3. Chopping frequency dependence of the normaliz.ed luminescence magnitude (solid circles) and the
relative phase delay (open circles) for the visible emission (A = 700 nm) at 4.2K. The solid curve shows the
magnitude response of the measurement system.

visible and IR emissions as a function of the excitation
energy at room temperature.

was further verified by measuring the excitation efficiency with changing energy for excitation. As shown
in Figure 2, the visible- and JR-bands have common
threshold for excitation around 2.3 eV.

Dynamic properties
The decay characteristics of the visible luminescence
reveals its non-uniform nature of this recombination
process. Two kinds of decay transients are observed,
among which the decay times differ by three orders of
magnitude. The fast component [32] ranges from subnanoseconds to several nanoseconds at room temperature. The main portion of the continuously-excited
luminescence, however, shows a much slower decay
with the decay time ranging from 10-6 to 104 seconds at
room temperature. Below 300K, the decay time gradually increases towards low temperatures and shows a
further steep increase below 1OOKto reach a low temperature value ( ~ 10-3 to 10-2 seconds at 4.2K) [25,
34]. Both types of decay transients show a strong nonexponentiality (18] which is sometimes characteriz.ed by
a "stretched" exponential decay, S(t) = S(0)exp(-t/,8)'Y,
where ,8corresponds to the mean lifetime and 'Y (0 < 'Y
< 1) represents the broadening of lifetime [40]. Within
the "slow" decay part, lower energy portion of the luminescence band gives a slower decay (i.e., a larger r).
Figure 3 shows a chopping frequency dependence of
the visible luminescence at 4.2K. The data agrees with
the above description: the main portion of the continuously-excited luminescence being the slow transient
which has a decay time longer than 10-3 seconds together with a non-exponentiality in its transient. The
half-decrease in magnitude and 45° delay in phase corresponds to the mean decay time of 7 milliseconds (ms).
A separate pulsed excitation measurement consistently

Absorption and luminescence excitation spectra
More detailed measurements on the photoluminescence excitation (PLE) spectra have been reported by
several groups [58, 70]. All the data are rather similar
with the first onset at around 2.0 eV. Further structures
can be seen in the energy range 3.0 to 4.5 eV, which
correspond to the direct excitation of crystalline Si.
Wang et al. (70] report that the former low energy process shows a blue shift when a freshly prepared PS film
is stored in air. They take this information as the evidence for the quantum confinement effect since the surface oxidation during the air-exposure is expected to reduce the sire of Si-clusters in PS layers. On the other
hand, Stutzmann et al. [58] argue that the low energy
part of the PLE spectra follows an exponential dependence on photon energy sometimes over two orders of
magnitude. Such a dependence is ascribed to the presence of disorder and they [58] deduce the exponential
slope parameter Bo(= ohv/oln17, 17is quantum efficiency) to be 200 meV at 300K.
Absorption measurements can also be performed using free-standing PS films. The spectral shape is similar
to the PLE spectra in the comparable energy region.
Additionally, it is reported that the low-energy tail of
absorption extends even below the bandgap of bulk c-Si
[26, 69]. This observation indicates the presence of
some localiz.ed states.
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visible-band

yields a value of - 2 ms together with a non-exponentiality.
It is pointed out that these characteristics are similar
to those of the tail state luminescence in a-Si:H, whose
decay time is also in the 10·3 seconds-range together
with a non-exponentiality in its transient [56]. In this
material, photo-generated electrons and holes are rapidly
thermalized into the disorder-induced localized states
(tail states), so the electron-hole pairs are spatially
separated. The recombination probability is proportional
to the tunneling rate which is an exponentially decre.asing function of the electron-hole separation normalized
by the effective Bohr radius and the lifetime is expressed
as r· 1 = r 0· 1exp(-2rfRo). In this way, a limited overlap
of electron and hole wave functions results in a longer
lifetime than that for a fully overlapping case, and further, a distribution in the pair separation gives rise to a
non-exponential decay transient. The overall scenario
also applies to the donor-acceptor pair recombination in
crystalline semiconductors [41].
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Figure 4. Normalized PL intensities in the low temperature region for the visible emission are shown under
various excitation intensities: (a) 14 mW, (b) 1.8 mW,
and (c) 0.15 mW. The inset {corresponding to data in
(b)} shows the luminescence intensities of the visible and
IR bands as a function of temperature.

Temperature dependence
The temperature dependence of the luminescence intensity is shown in Figure 4, which displays the data for
both visible and IR processes. Let us first focus our attention to the visible luminescence intensity. In order to
eliminate the possible artifact brought about by the lockin detection technique when applied to the extremely
slowly decaying visible luminescence, the excitation
beam was not chopped and the direct current (de) detection was employed. When the sample is cooled to below
room temperature, the intensity is gradually increased as
shown in the Figure 4 inset. In general, a typically observable increase in luminescence intensity towards low
temperature is due to a decreased thermal excitation of
trapped carriers or suppressed dissociation of exciton.
When the sample is further cooled below 100K, however, the intensity apparently decreased. Such a behavior is again analogous to the behavior of luminescence
from a-Si:H, which is due to the recombination of spatially separated electron-hole pairs localized at tail states.
This behavior is explained by the non-radiative Auger
process taking place at non-geminate pairs [55].
In a system where an electron and a hole are localized and spatially separated, the bimolecular interaction
among pairs starts to compete with the radiative recombination within a pair when the number of photo-generated carriers is increased (i.e., as the pair-to-pair distance is decreased). Thus, the non-radiative recombination rate, determined by this mechanism, is dependent
on the excitation intensity and becomes more pronounced
at low temperatures where the radiative recombination
rate is decreased to give a larger steady state concentration of carriers. Applicability of such a scheme to the

present case is conveniently checked by changing the excitation power. It is seen in Figure 4 that a stronger excitation results in a larger quenched portion together
with a higher temperature which gives maximum intensity (TmaJ· A possible artifact due to laser heating can
be simply excluded since the heating should affect the
temperature dependence in an opposite way as the excitation is changed. The observed T max• actually coincides with the temperature below which the decay time
suddenly starts to increase towards low temperatures. It
is interesting to note that the electrical conductivity of
PS also begins to decrease below 100K which means
that the carrier diffusion is of special importance to the
luminescence process. This coincidence suggests that in
the high temperature region, a thermally-assisted migration of carriers to the non-radiative centers takes place
and this process determines the decay time of luminescence. At temperatures lower than 100K, such a migration is prohibited, so that, the bimolecular Auger recombination becomes the dominant non-radiative process.
On the contrary, the temperature dependence of the
IR-luminescence intensity (inset in Figure 4) is a simple
increase towards low temperatures. This result, in contrast to the data for the visible luminescence is regarded
as rather typical among various recombination processes
in semiconductors.
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Figure 5. ODMR spectrum associated with the IR-PL
band. Inset shows the result for a higher resolution
scan, when the magnetic field was directed 45° away
from_the < 001 >-axis of the crystalline substrate within
the (110)-plane.

-----------------------------explained to be due to contribution of pairs with various
intra-pair separations and rather remote pairs (those with
up to approximately 4 run separations) are predicted to
cause the broadened resonance signal. It seems, therefore, fair to leave two of these possibilities also in the
PS case.
What is more important is that the line-width of this
ODMR signal in PS does not significantly depend on
which wavelength is monitored within the visible PL
band [57]. This observation is not compatible with the
argument that the broad spectral shape of the visible luminescence should result from the size distribution of Simicrocrystallites in the quantum confinement scheme because the line-shape of the resonance then must be sensitive to the confinement geometry of electron-hole pairs.

Radiative species in PS

By monitoring the visible luminescence, it is possible to study the spin-dependent processes by ODMR
[12]. Stutzmann and Brandt [57] observed a luminescence-enhancing ODMR (the spin resonance, which increases the luminescence intensity) and concluded this
signal to arise from a triplet state of the radiative
electron-hole pairs. This is based on the observation of
a simultaneous appearance of the ~ll\ = 2 transition,
which is typical of the S = 1 system. A broad resonance due to the ~Dls = 1 transition is centered at g =
2 and this large width (500 G in the 9 GHz-measurement) was attributed to the result of dipolar spin-spin interaction in the triplet exciton. They [57] further find
that the ODMR features of PS are similar to those found
in disordered siloxene and a-Si:O:H alloy.
The explanation mentioned above follows the similar
ODMR results obtained for a-Si:H [36]. The sign of the
~Dls = 2 transition as well as that of the broad ~ll\ =
1 transition as reported by Morigaki and Yoshida [36] is
dependent not only on samples but also on experimental
parameters such as excitation conditions. In order to interpret the results for a-Si:H, Brandt and Stutzmann [5]
assumed the dipolar spin-spin interaction at Frenkel excitons trapped at weak bonds as the broadening mechanism of the ODMR signal and deduced a value of 0.5
nm as its approximate radius. Such a scheme turned out
to be challenged by Liedtke and Fuhs [31] who suggested an alternative model that the signal should be attributed to more distant electron-hole pairs with weak exchange couplings. In this case, the broad line-shape is

Non-radiative centers in PS

Intensity of the visible luminescence from PS is
known to decrease after a prolonged laser illumination
or thermal anneal. This is attributed to the partial dissociation of hydrogen to create dangling bond defects at
the surface. Actually, a change in spin density of the
defect (Pb-center) after these treatments is reported to
show an anti-correlation with the luminescence intensity
(63, 72]. It has been reported that a method called the
rapid thermal oxidation at high temperature can passivate
the non-radiative defects and even stronger luminescence
compared to as-anodized PS can be obtained [44].
At low temperatures, as detailed above, the main
non-radiative process competing with the visible luminescence becomes the bimolecular Auger excitation instead of carrier transfer to the non-radiative centers. On
the contrary, it is possible to observe a strong interaction
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<111>

<001>

g Ji - g .1 = -0.007. Such an anisotropy suggests that the
IR-emitting region in PS has an efficient charge transfer
to the c-Si region where this defect exists. On the contrary, ODMR due to this defect on the visible lumines2.0l
cence is measured to be much weaker by at least two orders of magnitude. This result implies that the visible
luminescence does not arise from the same crystalline
region but from the adjacent matter from which the
charge transfer to the crystallite surface is quite
2.01
inefficient at low temperatures.
Pb-center was first detected at the interface between
SiO2 and (111)-Si crystal and is attributed to the Si-dangling bond defect which belongs to a trivalent Si-atom at
the surface of c-Si [37]. This center has been shown
[29] to play its role as a non-radiative center in the c-Si
__._____,---=3"-=o--'----'----=6'-=-o__._____._--="9',::--0
__,
2 '---±--o
case, which quenches the luminescence due to neutralROTATION ANGLE (deg)
donor bound excitons. The relevant mechanism is speculated to be the electron transfer from the shallow donor
Figure 7. Angular dependence of ODMR. Two sets of
to the Pb-center when spin resonance occurs at the sindata (circles and triangles) are shown to indicate the
gly-occupied dangling bond [29]. At resonance, a
reproducibility. The solid curves are calculated using
change in spin temperature results in an increase in the
the g-tensor of the Pb-center, which are shifted due to
anti-parallel spin configuration between the defect electhe ambiguity in the field calibration.
tron and the shallow-donor-trapped electron, so that, a
-----------------disproportionate transfer between these electrons is
expected to be enhanced.
of the dangling bond defect with the IR-luminescence
Si--dangling bond defects have also been identified in
process as revealed by the ODMR technique [33].
a-Si:H;
the resonance, in this case, is isotropic with a
At 1.6K, a strong ODMR due to the Pb-center is
g-factor
of 2.055 [61]. This isotropic feature is explainobserved at g = 2 as shown in Figure 5. The data was
ed
by
a
lack
of long range order in the material. Extenrecorded by monitoring the total IR emission and the
sive
ODMR
investigation has been performed and this
microwave power at 35 GHz was applied to induce spin
defect
is
shown
to participate in the non-radiative shunt
resonance. The sign of the signal is such that the spin
path
for
the
tail
state
luminescence but act as a radiative
resonance decreases the IR-luminescence. Broad fearecombination
center
for the lower energy luminescence
tures in the low field region (peaks at 0.2 T and 0.62 T)
(0.9
eV-band)
[35].
are due to the cyclotron resonance (i.e., the optically

~

i

• •

detected cyclotron resonance, ODCR) of holes in the
p-type c-Si substrate which is simultaneously photo-excited. These field positions correspond to the effective
mass of 0.16
and 0.49
respectively, which agree
with the established values for light- and heavy-hole in
c-Si. Figure 6 shows the spectral dependence of ODMR
and it is clear that the broad spectral feature of the IR
PL in PS is only tagge.d by the 1.25 T-resonance. The
overlapping sharp structure in the bottom trace is due to
the tail contribution of the ODCR which has an order of
magnitude larger amplitude (~I/I) than that of the
ODMR.
The ODMR spectra in the g - 2 region consist of
multiple lines (see inset, Figure 5) which show a distinct
anisotropy as the static magnetic field is rotated with respect to the sample orientation (in the present case, the
substrate orientation). The resonance peak positions are
plotted in Figure 7. Most of the data points are consistent with the Pb-center [10] resonance, which is described
by a < 111 >-axial g-tensor (C 3v-symmetry) with ~g =

mo

Relation of IR lwninescence
defects

mo,

and the dangling bond

The fact that the dangling bond decreases the IR
luminl.'.scence from PS at its spin resonance suggests that
this defect is acting as a non-radiative center for this
light emission process. This point is important since a
recent theoretical calculation predicts that this defect
may be a radiative center in the infrared energy region
in PS [14]. Actually, our argument is further supported
by the result of transient response measurements of the
ODMR.
In case of a-Si:H, the role of dangling bond defect
on the high-energy luminescence (1.4 eV-band) was
somewhat controversial [15]. This is because a quenching ODMR (an ODMR signal with a negative sign) does
not necessarily indicate that the detected defect is acting
in the competing non-radiative process. The radiative
geminate-pair recombination scheme also predicts that a
spin resonance would quench the luminescence even if
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Figure 8. The upper curve is the transient response of
the Pb-center ODMR on the IR luminescence measured
by switching on/off the applied microwave power. The
lower curve compares the transient response of the IR
luminescence after blocking the excitation laser light.

Figure 9. The chopping frequency dependence of the
magnitudes of Pb-center ODMR and IR luminescence.
Microwave power was chopped to obtain the former
(ODMR) while the laser light was chopped for the latter
(IR-PL).

the relevant center itself is involved in the radiative
recombination process. If a luminescence is dominated
by geminate pairs, for which an electron recombines
with a hole generated by the identical excitation event,
recombining pairs have a dominant population in the singlet configuration. When a spin resonance is induced,
spin flip transforms some of the pairs to be in the triplet
configuration, at which the recombination rate is typically much smaller, so that one expects to observe a decrease in the luminescence intensity (a quenching
ODMR). This is in contrast with the non-geminate pair
system where a recombining electron has no spin memory with respect to the counterpart hole. In this latter
case, before inducing a spin resonance, generation rate
of triplet pairs is the same as the singlet pairs and the
population is accumulated in the triplet pairs due to the
difference in their lifetimes. The spin resonance then increases the singlet pairs and results in an enhancement
of luminescence intensity. Therefore, in the non-geminate regime, a quenching ODMR is attributed to a resonant increase in the non-radiative recombination path
which is competing with the luminescence of interest.
Distinction between these two possibilities can be
made by measuring the transient response of ODMR upon switching the applied microwave power on and off
[4]. Although the sign of ODMR is predicted to be negative for both cases, analysis of the rate equation shows
that the features of the transient wave-forms should be
different. The calculation by Depinna et al. [15] predicts that for a radiative geminate-pair case, luminescence intensity upon application of microwave power

first shows a negative transient spike which then approaches the steady state intensity. Its initial slope is
characterized by the magnetic dipole transition rate
which is much larger than the recombination rate when
the ODMR is observed with an appreciable strength.
On the other hand, in the distant (non-geminate) pair
shunt process, the curve is a slower transient simply approaching the steady state value and the response time is
represented by the radiative lifetime [16]. In both cases,
speed of the switch-off transient is limited by the radiative lifetime.
The transient wave-form of the Pb-center ODMR (a
luminescence-quenching signal) at 1.6K is shown in Figure 8 which is obtained by the boxcar detection technique. The sequence of applied microwave !JOWer(100
mW at 35 GHz) is indicated by arrows. The lower trace
in Figure 8 compares the decay characteristics of the
IR-luminescence, which, in this time, was measured by
switching off the excitation laser beam (488 nm-line of
Ar+ -laser) using an accousto-optic deflector. The waveform of ODMR has no initial spike but is a slowly approaching transient to its steady state value.
The
switch-on and -off transients are characterized by a common transition time of approximately 15 µs. Therefore,
it is most likely that the process is classified as the
distant-pair shut path provided by the non-radiative
Pb-center.
In this case, the slope of the transients represent the
non-radiative recombination time. The decay of luminescence is faster and a lifetime is estimated to be 3 µs.
This latter result is in agreement with the previously
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the PS layer. Their attempt was intended to impregnate
the porous structure with a conducting medium which
should provide a more uniform electrical contact compared to the simply deposited metal films. As a result,
they report a factor of 2.5 improvement in the light
output per incident electrical power.

cited value (2 µs) in which the IR-luminescence was excited by a pulsed N 2-laser [34). The relation between
the non-radiative recombination time (15 µs) obtained by
the time-resolved ODMR measurement and the luminescence decay time (3 µs) is consistent with a high efficiency of the IR luminescence, in which the decay is
mainly determined by the radiative lifetime. Figure 9
shows the frequency responseof this ODMR and IR-luminescence. The responseof ODMR consistently starts
to decrease at lower modulation frequencies compared to
that of the luminescence. Therefore, it is concluded that
the radiative state for the IR luminescence does not involve Pb-center, which acts as a competing non-radiative
shunt process.
The results presented above are discussed in conjunction with the visible luminescence process. Contribution of the non-radiative recombination via Pb-center
is argued to be negligible at low temperatures but a thermally-assisted carrier migration seems to provide charge
transfer to this defect at elevated temperatures (above
70K). In this high temperature regime, the mean decay
time for the visible luminescence approaches 10 µ,s as
given in the previous subsection. This value agrees with
the non-radiative recombination time due to the Pb-center which should be equal to or somewhat shorter than
the low temperature value presented above. Therefore,
the results of the transient ODMR measurements are
consistent with the apparent anti-correlation with the
defect density with the visible luminescence intensity.

Discussions on the Models for Lwninescence

Quantum-size effect
In the quantum confinement picture for the visible
luminescence, the recombination is assumed to be a partially allowed indirect band transition which results from
the relaxed momentum selection in the Si-microcrystallites. Therefore, the assumed recombination is not yet
in the allowed direct transition regime. In this way, the
slow decay ofluminescence is expected. Actually, the.oretical calculations give a value corresponding to the experiments in a certain range of cluster si:ze. The important difference from the direct recombination picture is
that the decay time is strongly dependent on the cluster
size.
The quantum confinement effect not only enlarges
the bandgap but also increases the recombination probability since a confinement to small clusters modifies the
indirect band nature of bulk Si. In the effective mass
scheme, the energy level of a quantum wire goes up as
h 2 /4L 2m (L: wire width, m: mass) by assuming a parabolic band and an infinitely high confining barrier. Calculation for the quantum dots performed by Takagahara
and Takeda [59) also predictll a steep increase in the recombination rate with si:ze reduction; they also point out
the importance of low dimensional excitonic effect. The
rate actually increases as L-5 according to the study by
Sanders and Chang [52]. From the tight-binding~proach, the confinement energy is proportional to L-1. 9
[50] showing a minor difference from the results obtained by the effective mass calculation. The ab-initio calculation of Si clusters up to Si 123 has also been reported
where the energy gap again increases with the size reduction and correspondingly, the originally forbidden
transition becomes weakly allowed (r ~ 1 ms for Si 123
and r ~ 1 µs for s29) and then finally allowed (r < 10
ns) [65].
In view of such predictions, the main experimental
support for the quantum confinement model comes from
the correlation of emission wavelength with the average
size of microcrystallites. This has been observed as a
blue shift in the PL spectrum by etching the porous region subsequently after anodization.
A more recent
study finds that the microcrystallites in PS give the
similar peak wavelength to the light emission from comparable si:zeof oxide-capped Si-nanoclusters prepared by
the colloidal technique [53).

Electroluminescence
Electroluminescence (EL) from PS is important
from the device point of view. An early report can be
found on the visible light emission duringthe anodi:zation process [24]. This phenomena was later confirmed
by several groups and an indication has been obtained
that the current injection in the electrolyte system might
be responsible for this light emission. The electroluminescence is also observed under the cathodic bias condition, whose efficiency amounts to 0.1 % [9].
There are also a group of reported EL experiments
in which metal electrodes are fabricated on the surface
of PS. For example, Petrova-Koch et al. [43] deposited
either gold or indium-tin-oxide (ITO) film on the PS surface and used Al as the substrate ohmic contact. This
EL cell shows a rectifying current characteristics and the
forward current injection occurs when the PS side is
positively biased. The quantum efficiency in their case
is low (less than 10- 5 %) and the light intensity is
quenched during the device operation. Alternatively,
Futagi et al. [22) used n-type microcrystalline SiC as the
top electrode for current injection into p-PS. Quite recently, Koshida et al. [28] reported on the use of electro-polymeri.zed polypyrrole as a solid-state contact to
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the siz.e distribution among Si-clusters. The important
point is that the carrier localization enables a thermaliz.ed
electron-hole pair to he spatially separated relative to the
localized orbitals. It is due to this spatial separation that
the similarity of the visible luminescence properties to
those of the tail-state luminescence from a-Si:H can be
accounted for.
The other point which suggest the localized recombination nature of the visible luminescence is that the
separate lower energy luminescence (IR-luminescence)
is likely to be arising from crystalline-Si regions within
the porous layers. This is the consequence of the large
difference in the ODMR amplitude of the Pb-center resonance. Charge transfer to this dangling bond defect, situated at the surface of crystalline-Si region, is only efficient in the IR recombination process but not that much
so in the visible process at low temperatures. This resuit implies that the IR luminescence is correlated with
the crystalline region but the visible one does not have
he since otherwise, a radiative recombination with a
longer decay time (visible process) should be more
sensitive to the common non-radiative recombination
process.
Here, it is to be noted that the visible luminescence
does have a chance to be transferred to the dangling
bond defects with the help of thermal excitation. This
is actually observed as an anti-correlation of the defect
spin density with the luminescence intensity measured at
room temperature. Therefore, the dominant non-radiative process competing with the visible luminescence is
switched from the Auger process to the recombination
involving the Pb-center depending on temperature. In
the high-temperature range, the visible luminescence is
branched to the dangling bond, but as the temperature is
lowered, the carrier migration to the this defect becomes
limited to give a longer decay time so that the luminescence starts to compete with the Auger process. Although the dangling bond resonance signal reveals its
crystalline environment, this fact does not directly indicate the visible-emitting region to he also crystalline.
As for the radiative species for the IR luminescence,
we speculate that it may be an electron-bole recombination in the crystalline region which undergoes some form
of strong perturbation to relax the momentum selection
rule. One possibility of such a perturbation would he
the internal strain that has been actually evidenced by the
X-ray diffraction measurements. However, it is presentIy unknown if this could explain the broad spectral shape
of the IR-hand. But still, such a model predicts the carriers to be rather delocalized to have an efficient charge
transfer to the Pb-center which preserves the crystalline
environment.
As discussed above, the IR luminescence is likely to
originate from the crystalline-Si region within the porous

However, such a trend is not direct enough to convince the quantum confinement model. In fact, it has
been pointed out by Friedersdorf et al. [19] that the blue
shift might be the result of increased stress after increasing the porosity by subsequent etching. Furthermore, based on the luminescence cycling experiment
[47] in which repeated thermal oxidation and HF etching
sequentially degrade and then regenerate the visible
luminescence, the peak energy does not continuously
blue shift but rather flips between the fixed values (1.68
eV after oxidation and 1.9 eV after stripping the oxide
layer by HF).
It is also an open question whether the broad Gaussian shape of the visible luminescence can be explained
by a reasonable distribution in the cluster size. In order
to account for the distribution of decay time within the
emission band as well, a steep dependence on the cluster
siz.e (inversely proportional relation to the fifth power of
siz.e) seems to force a strange siz.e distribution. Furthermore, temperature dependence of lifetime distribution
seems to be a further difficulty to explain.
When measured at room temperature, the mean decay time of the visible luminescence is shorter for higher
energy within the emission band [21, 68]. The explanation based on the quantum confinement picture is that
the broad bandwidth of the visible PL is due to the emission from clusters with various sizes and that a smaller
quantum box should have a larger oscillator strength.
But at low temperatures, the mean decay time becomes
rather uniform throughout the band [21, 39]. Theimportant point is that the degree of non-exponentiality is
rather unchanged even after such a change in the decay
time distribution [39]. If the siz.e distribution was the
source of lifetime distribution, the transients should approach the exponential function when the lifetimes within the band become uniform. Therefore, it seems unlikely that boxes are smaller in the high energy portion
of the emission band and vice versa. By comparing the
lifetime and luminescence efficiency, Vial et al. [68]
conclude that the luminescence decay time at room temperature or higher is determined by the non-radiative recombination rate, although their model is based on the
quantum confinement picture. The radiative lifetime
they estimate in this way is 1 ms and agrees with the
luminescence decay time measured at low temperatures.

Localizedstate model
The other case, namely the localiz.ed state mechanism, is discussed in the following. The assumption is
that the photo-excited carriers relax to the localiz.ed state
induced either by structural disorder or chemical modification of surface. In this case, the localized states are
rather insensitive to the geometrical confinement so that
the broad spectral shape does not necessarily result from
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layer. If we further assume the visible luminescence to
be also due to small crystalline-Si, it is difficult to explain why we have two distinctly separate luminescence
bands instead of a single broader spectrum. Furthermore, the relation of lifetime among the visible and IR
bands does not agree with such a prediction: a longer
decay time for the visible luminescence is not expected
in supposedly smaller clusters. Even within the visible
band, it has been already pointed out above that the temperature dependence of the lifetime distribution is difficult to explain by assuming Si-quantum boxes with various sizes. This last situation seems to correspond to the
results of a recent ODMR experiments by Stutzmann
and Brandt [57] who investigated the triplet resonance.
Within the visible luminescence band, they observe no
systematic change in the magnitude of magnetic interaction among the electron-hole pairs as a function of monitored wavelength. Therefore, although it seems correct
that the average size of clusters shows a correlation with
the emission wavelength, such a trend does not directly
support the quantum confinement model for the recombination process.
The model for the recombination processes are
sketched in Figure 10. The present study on the luminescence properties does not determine in what kind of
substance the photo-excitation takes place and a Si-quantum box might be a good candidate. Actually, recent
luminescence mapping study using an STM-tip [17] finds
that the luminescence image is correlated with such
microcrystallites.
Although the experiment does not
resolve where the recombination is taking place, current
injection into such small strnctures enhances luminescence.
The excited carriers are then efficiently transferred

to the adjacent disordered region or to the surface where
the carrier localization to the radiative initial state of the
visible PL follow. As for the IR-PL, we have to assume
a different substance to which a portion of photo-excited
carriers are transferred after generation. The temperature dependence of IR luminescence intensity is approximated with an activation energy of 48 meV so that this
radiative recombination is unlikely to be relevant with a
deep trapping state in a wide gap material.
The visible emitting substance is represented by the
shaded area in Figure 10. However, it is not clear at
present whether the origin of the localired states is an
amorphous substance (a-Si:H, a-SiOx:H or a-SiOx:N:H)
or surface states [26] of Si-microcrystallites. The other
class of models, such as, poly-silane or siloxene, cannot
be excluded from our present experimental data since
they do not impose a strong correlation between the
emission wavelength and size of crystalline Si clusters.
However, the fact that the replacement of surface Si-H
bonds by SiO2 using oxidation techniques still gives the
visible luminescence [7, 44) suggests that the main role
of hydrogen should be the surface passivation rather than
to provide the electronic state responsible for the visible
luminescence. This situation questions the necessity of
poly-silane as the light emitting matter. On the other
hand, a similarity between the bandgap shrinking of
a-Si:H due to hydrogen loss and the observed red shift
of luminescence from PS as a function of annealing temperature has been pointed out by Prokes et al. [48].
Also, the role of oxygen is somewhat in variance depending on researchers as to whether its presence is essential in obtaining the red luminescence. Thus, future
work is required to clarify these points in order to
specify the visible light emitting substance in PS.
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Conclusions
The structural and luminescent properties of PS are
reviewed. It is argued that the properties of IR luminescence as well as the charge transfer to the non-radiative
paths are informative in elucidating the mechanism of
the visible radiative recombination.
Together with a review on the experimental and theoretical support for the quantum confinement model for
the visible PL, its limitations are also discussed. Properties of this luminescence suggest a participation of locafued states, either the surface states of Si-microcrystallites or disorder-induced states in amorphous substance, being in analog to the behavior of the tail-state
luminescence in a-Si:H. As for the IR luminescence, its
origin is speculated to be the carrier recombination within the perturbed crystalline Si regions within the porous
layer. Such a model successfully explains our ODMR
data in which carrier transfer from the visible emitting
states to the surface dangling bonds on crystalline clusters requires a thermally-assisted migration whereas the
IR radiative species show an efficient charge transfer
even at low temperatures. However, the origin of the
localized states responsible for the visible process is not
determined at present and points to the necessity of
future study.

Acknowledgements
The author wishes to thank M. Mizuta, A. Oshiyama, Y. Ochiai and N. Ookubo for discussion. The
sample used in his experiments was provided by Y.
Ochiai. R. Lang is also acknowledged for encouragement.

References
[1] Arita Y, Sunohara Y (1977) Formation and
properties of porous silicon film. J. Electrochem. Soc.
124, 285-295.
[2] Beale MU, Benjamin JD, Uren MJ, Chew NG,
Cullis AG (1985) An experimental and theoretical study
of the formation and microstructure of porous silicon. J.
Cryst. Growth 73, 622-636.
[3] Bomchil G, Herino R, Baria K, Pfister JC
(1983) Pore size distribution in porous silicon studied by
adsorption. J. Electrochem. Soc. 130, 1611-1614.
[4] Boulitrop F (1983) Recombination processes in
a-Si:H. A study by optically detected magnetic resonance. Phys. Rev. B 28, 6192-6207.
[5] Brandt MS, Stutzmann M (1991) Spin-dependent
photoconductivity in amorphous hydrogenated silicon.
Phys. Rev. B 43, 5184-5187.
[6] Brandt MS, Fuchs HD, Stutzmann M, Weber J,
194

Luminescence from porous silicon
Part C. Academic Press, New York. pp. 155-191.
(36] Morigaki K, Yoshida M (1987) Triplet exciton
recombination in a-Si:H. J. Non-cryst. Solids 90, 139146.
[37] Nishi Y (1971) Study of silicon-silicon dioxide
structure by electron spin resonance. I. Jpn. J. Appl.
Phys. 10, 52-62.
[38] Nishida A, Nakagawa K, Kakibayashi H,
Shimada T (1992) Microstructure of visible light emitting porous silicon. Jpn. J. Appl. Phys. 31, L1219L1222.
(39] Ookubo N, Sawada S (1994) A quantum
sponge model for porous silicon: Mechanisms of visible
photoluminescence. J. Phys. Soc. Jpn. 63, Suppl. B,
164-181.
[40] Ookubo N, Ono H, Ochiai Y, Mochizuki Y,
Matsui S (1992) Effects of thermal annealing on porous
silicon photoluminescence dynamics. Appl. Phys. Lett.
61, 940-942.
[41] Pankov JI (1971) Optical Processes in
Semiconductors. Princeton-Hall, New York. chap. 6.
(42] Perez JM, Villalobos J, McNeill P, Presad J,
Cheek R, Kelber J, Estreta JP, Stevens PD, Glosser R
(1992) Direct evidence for the amorphous silicon phase
in visible photoluminescent porous silicon. Appl. Phys.
Lett. 61, 563-565.
[43] Petrova-Koch V, Kux A, Muller F, Muschik
T, Koch F, Lehmann V (1992) Composition and morphology of luminescent porous Si. Mater. Sci. Symp.
2S6, 41-46.
[44] Petrova-Koch V, Muschik T, Kux A, Meyer
BK, Koch F, Lehmann, V (1992) Rapid-thermal-oxidized porous-Si --- The superior photoluminescent Si.
Appl. Phys. Lett. 61, 943.
[45] Pickering C, Beale MIJ, Robbins DJ, Pearson
PJ, Greef R (1984) Optical studies of the structure of
porous silicon films formed in p-type degenerate and
non-degenerate silicon. J. Phys. C 17, 6535-6552.
(46] Pillali SM, Xu ZY, Gal M, Glaisher R,
Phillips M, Cockayne D (1992) Cathodoluminescence
from porous silicon. Jpn. J. Appl. Phys. 31, L1702L1705.
[47] Prokes SM, Carlos WE, Bermudez VM (1992)
Luminescence cycling and defect density measurements
in porous silicon: Evidence for hydride based model.
Appl. Phys. Lett. 61, 1447-1449.
[48] Prokes SM, Freitas Jr JA, Searson PC (1992)
Microluminescence depth profile and annealing effects
in porous silicon. Appl. Phys. Lett. 60, 3295-3297.
[49] Prokes SM, Glembocki OJ, Bermudez VM,
Kaplan R (1992) Siffx excitation: An alternate mechanism for porous Si photoluminescence. Phys. Rev. B 4S,
13788-13791.
[50] Proot JP, Delerue C, Allan G (1992) Electronic

Phys. Lett. 62, 1934-1936.
(21] Fuchs HD, Brandt MS, Stutzmann M, Weber
J ( 1992) Optical characterization of the visible photoluminescence from porous silicon. Mater. Sci. Symp.
2S6, 159-164.
[22] Futagi T, Matsumoto T, Katsuno M, Ohta Y,
Mimura H, Kitamura K (1992) Visible electroluminescence from µc-SiC/porous Si/C-Si PN junction diodes.
Jpn. J. Appl. Phys. 31, L616-L619.
(23] Gregoria I, Champagnon B, Halimaoui A
(1993) Nanocrystallites in luminescent porous silicon
characterized by Raman scattering. J. Lumin. S7, 73-76.
(24] Halimaoui A, Oules C, Bomchil G, Bsiesy A,
Gaspard F, Herino R, Ligeon M, Muller F (1991) Electroluminescence in the visible range during anodic oxidation of porous silicon films. Appl. Phys. Lett. S9, 304306.
[25] Harvey JF, Shen H, Lux RA, Dutta M,
Pamulapati J, Tsu R (1992) Raman and optical characterization of porous silicon. Mater. Sci. Symp. 2S6,
175-178.
(26] Koch F, Petrova-Koch V, Muschik T (1993)
The luminescence of porous Si: The case for the surface
state mechanism. J. Lumin. S7, 271-281.
[27] Koshida N, Koyama H (1991) Efficient visible
photoluminescence from porous silicon. Jpn. J. Appl.
Phys. 30, Ll221-L1224.
[28] Koshida N, Koyama H, Yamamoto Y, Collins
GJ (1993) Visible electroluminescence from porous silicon diodes with an electropolymerized contact. Appl.
Phys. Lett. 63, 2655-2657.
(29] Lee KM, Kimerling LC, Bagley BG, Quinn
WE (1986) The optically detected magnetic resonance of
dangling bonds at Si/SiO 2 interface. Solid State
Commun. S7, 615-617.
(30] Lehmann V, Goesele U (1991) Porous silicon
formation: A quantum wire effect. Appl. Phys. Lett. S8,
856-858.
[31] Liedtke S, Fuhs W (1991) Optically detected
magnetic resonance (ODMR) in a-Si:H. J. Non-cryst.
Solids 137 /138, 583-586.
(32] Matsumoto T, Daimon M, Futagi T, Mimura
H (1992) Picosecond luminescence decay in porous silicon. Jpn. J. Appl. Phys. 31, L619-623.
(33] Mochizuki Y, Mizuta M (1994) Association of
non-radiative ODMR with the non-visible emitting regions within porous-Si. Mat. Sci. Forum 143-147, 14691474.
(34] Mochizuki Y, Mizuta M, Ochiai Y, Matsui S,
Ookubo N (1992) Luminescent properties of visible and
near-infrared emissions from porous silicon prepared by
the anodization method. Phys. Rev. B 46, 12353-12357.
[35] Morigaki K (1984) Optically detected magnetic
resonance. In: Semiconductors and Semimetals, vol. 21,
195

Yasunori Mochizuki
structure and optical properties of silicon crystallites:
Application to porous silicon. Appl. Phys. Lett. 61,
1948-1950.
(51] Rao AV, Ozanam F, Chazalviel J-N (1991)
In-situ Fourier-transform electromodulated infrared study
of porous silicon formation: Evidence for solvent effects
on the vibrational linewidths. J. Electrochem. Soc. 138,
153-159.
[52] Sanders GD, Chang Y-C (1992) Theory of
optical properties of quantum wires in porous silicon.
Phys. Rev. B 45, 9202-9213.
[53] Schuppler S, Friedman SL, Marcus MA, Adler
DL, Xie Y-H, Ross FM, Harris TD, Brown WL,
Chahal YJ, Brus LE, Citrin PH (1994) Dimensions of
luminescent oxidized and porous silicon structures.
Phys. Rev. Lett. 72, 2648-2651.
[54] Smith RL, Collins SD (1992) Porous silicon
formation mechanisms. J. Appl. Phys. 71, Rl-R22.
[55] Street RA (1981) Recombination in a-Si:H:
Auger effects and non-geminate recombination. Phys.
Rev. B 23, 861-868.
[56] Street RA (1984) Luminescence in a-Si:H. In:
Semiconductors and Semimetals, vol. 21 part B. Academic Press, New York. pp. 197-224.
[57] Stutzmann M, Brandt MS (1994) Defects and
recombination in disordered silicon. Mat. Sci. Forum
143-147, 1451-1458.
[58] Stutzmann M, Brandt MS, Rosenbauer M,
Weber J, Fuchs HD (1993) Photoluminescence excitation spectroscopy of porous silicon and siloxene. Phys.
Rev. B 47, 4806-4809.
[59] Takagahara T, Takeda K (1992) Theory of
quantum confinement effect on excitons in quantum dots
of indirect-gap materials. Phys. Rev. B 46, 1557815581.
[60] Takagi H, Ogawa H, Ya.maz.akiY, Ishizaki A,
Na.kagiri T (1990) Quantum size effects on photoluminescence in ultrafine Si particles. Appl. Phys. Lett. 56,
2379-2380.
[61] Taylor PC (1984) Magnetic resonance measurements in a-Si:H. In: Semiconductors and Semimetals,
vol. 21, Part C. Acmlemic Press, New York. pp. 99153.
[62] Theunissen MJJ (1972) Etch channel formation
during anodic dissolution of n-type silicon in aqueous
hydrofluoric acid. J. Electrochem. Soc. 119, 351-360.
[63] Tischler MA, Collins RT, Stathis JH, Tsang JC
(1992) Luminescence degradation in porous silicon.
Appl. Phys. Lett. 60, 639-641.
[64] Tsai C, Li K-H, Sarathy J, Shih S, Campbell
JC, Hance BK, White JM (1991) Thermal treatment
studies of the photoluminescence intensity of porous silicon. Appl. Phys. Lett. 59, 2814-2816.
[65] Uda T, Hirao M, Shimada J (1994) Electronic

and optical properties of hydrogenated silicon clusters.
J. Phys. Soc. Jpn. 63, Suppl. B, 97-106.
[66] Uhlir A (1956) Electrolytic shaping of germanium and silicon. Bell Syst. Tech. J. 3S, 333-347.
[67] Vasquez RP, Fathauer RW, George T, Ksendzov A, Lin TL (1992) Electronic structure oflight-emitting porous Si. Appl. Phys. Lett. 60, 1004-1006.
[68] Vial JC, Bsiesy A, Gaspard F, Herino R,
Ligeon M, Muller F, Romestain R, Macfarlane RM
(1992) Mechanisms of visible-light emission from electro-oxidized porous silicon. Phys. Rev. B 45, 1417114176.
[69] Vincent G, Leblanc F, Sagnes I, Badoz PA,
Halimaoui A (1993) Investigation of optical properties of
free-standing porous silicon films by absorption and
mirage effect. J. Lumin. 57, 217-221.
[70] Wang L, Wilson MT, Haegel NM (1993) Interpretation of photoluminescence excitation spectroscopy
of porous Si layers. Appl. Phys. Lett. 62, 1113-1115.
[71] Wolford DJ, Reimer JA, Scott BA (1983) Efficient visible photoluminescence in the binary a-Si:Rx
alloy system. Appl. Phys. Lett. 42, 369-371.
[72] Yokomichi H, Ta.kakura H, Kondo M (1993)
Electron spin resonance centers and light-induced effects
in porous silicon. Jpn. J. Appl. Phys. 32, L365-L367.
[73] Young IM, Beale MD, Benjamin JD (1985)
X-ray double crystal diffraction study of porous silicon.
Appl. Phys. Lett. 46, 1133-1135.

